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Durante décadas, a pesquisa na área de eletroquímica tem sido dedicada ao 
desenvolvimento de aplicação de diferentes tipos de eletrodos quimicamente modificados. 
Vários materiais, tais como polímeros condutores, grafeno (GR), complexos metálicos, 
dentre outros, são mediadores eletroquímicos utilizados para estudos de reação redox. 
Dessa forma o trabalho foi dividido em três partes demonstrando a utilização de 
compostos de coordenação e polímeros condutores metálicos em diversos casos. Na 
primeira parte do trabalho foi utilizado o polímero de coordenação baseado em azul da 
Prússia para a estabilização do composto base livre 5,10,15,20-tetrakis(ferrocenil)porfirina 
sobre o eletrodo de carbono vítreo que se revelou eficiente, gerando um filme muito 
estável em comparação com os filmes das espécies livres e utilizando a técnica DPV foi 
possível detectar a molécula de dopamina obtendo um limite de detecção da ordem de 
magnitude descrita na literatura. Na segunda parte do trabalho, o complexo 
Na3[Fe(CN)5(PZT)] foi utilizado para obter um polímero de coordenação deste material 
com estrutura análoga a do azul da Prússia. Desta forma, o composto pode ser usado 
para formar um filme na superfície do eletrodo de platina. Assim, o eletrodo de platina 
modificado com esse polímero pode ser usado para o sensoriamento de hidrazina com 
um limite de detecção na ordem de grandeza daqueles já relatados na literatura. A última 
parte consiste na obtenção de monocamadas do complexo cis-[Ru(dcbpy)2Cl2], com o 
ligante 4-mercaptopiridina como ligante de conexão entre o centro metálico e o eletrodo 
de ouro, sendo o potencial catalítico da monocamada avaliado através do processo de 
oxidação de dopamina. O comportamento observado nestes eletrodos abre novas 







For decades, research in the field of electrochemistry has been devoted to the 
development and application of different types of chemically modified electrodes. Various 
materials, such as conducting polymers, graphene, metal complexes, etc. are 
electrochemical mediators used for analytical applications. In this way this work was 
divided in three parts demonstrating the use of coordination compounds and metallic 
conductive polymers in several cases. In the first part of the work, Prussian blue, a 
coordination polymer was used for the stabilization of the 5,10,15,20-
tetrakis(ferrocenyl)porphyrin free base on the glassy carbon electrode which proved to be 
efficient, generating a very film stable in comparison to the films of the free species by 
using the DPV technique it was possible to detect the dopamine molecule obtaining a 
detection limit of the order of magnitude obtained in the literature. In the second part of the 
work, the complex Na3[Fe(CN)5(PZT)] was used to obtain the coordination polymer of this 
material analogously to Prussian blue. In this way, the compound can be used to form a 
film on the surface of the platinum electrode. Thus, the platinum electrode modified with 
such polymer can be used for the detection of hydrazine with a detection limit in the order 
of magnitude of those already reported in the literature. The latter part consists of 
obtaining monolayers of the cis-[Ru(dcbpy)2Cl2] complex, with the 4-mercaptopyridine 
ligand as the bridge between the metal center and the gold electrode. The behavior 
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Chemically modified electrodes 
Electroanalytical chemistry is a branch of chemistry in which electrochemical 
techniques are employed to obtain information about chemical species with respect to their 
quantities, properties, and environment. These methods are characterized by simplicity, 
low cost, high sensitivity and stability, environmental friendliness and onsite monitoring [1]. 
Besides, electrochemical molecular recognition is a fast expanding research area at the 
interface of electrochemistry and supramolecular chemistry. The aim of this area of 
chemistry is the development of highly selective and sensitive electrochemical sensors for 
charged or neutral target guest species.  
The IUPAC defines Chemically Modified Electrode (CME) as “an electrode 
made up of conducting or semiconducting material and coated with a film of chemical 
modifier showing chemical, electrochemical or optical properties of a film by means of 
faradaic reactions or interfacial potential differences.”[2] CMEs offer some advantages 
over unmodified electrodes as they catalyze the oxidation or reduction of species that 
show high overvoltage at unmodified electrodes, in other words, they decrease the peak 
potentials of a specific target.  
An important motivation for modifying electrode surfaces is the electrocatalytic 
reaction between the electrode and desired target.It is often observed that the electrode 
kinetics at a naked electrode surface is slow so that oxidation or reduction process occurs 
at a higher potential than expected (more positive or more negative). Figure 1 illustrates a 
typical example of the electrocatalytic process at a CME with a decrease the overpotential 
(η) of the hypothetic reaction represented in Equation 1. 
𝑨 → 𝑩 + 𝒆−    Equation 1 
There are three possibilities of electrochemical processes on the electrode`s 
surface. In the first case Figure 1 (A), the bare electrode presents a high η value. The 





occurs near the formal potential of the mediator catalyst couple unless a catalyst-substrate 
adduct is formed, in which case the reaction occurs at the potential of the adduct. Finally, a 
successfully catalyzed reaction of A occurs at less negative or positive potential for 
reduction or oxidation, respectively, than the naked electrode reaction of A would require 
an overpotential (Figure 1 (B)). The third possibility is when the mediator is connected to 
the surface of the electrode, so its movement is limited, causing a greater concentration of 
the same in the place where the reaction occurred (electrode surface). therefore, 
compound A can interact with the mediator only on the surface of the electrode (Figure 1 
(C)). 
 
Figure 1 Schematic representation for the oxidation reaction of A/B on bare (A) 
and mediated conditions (B) homogenous catalyst solution (C) heterogenic catalytic 
electrode. The terms M and M* correspond to the reversible mediator of reduced and 
oxidized states, respectively. 
Due to this ability to form electrocatalytic surfaces, in the last few decades, 
voltammetric techniques have become a promising analytical tool for the study of 
electrochemical reactions [3], models of enzymatic catalysis [4] and free radicals [5], 
coordination chemistry [6], environmental monitoring [7], industrial quality control [8], solar 
energy conversion [9], determination of trace concentrations of biologically and clinically 
important species [10] since the voltammetric techniques have excellent amperometric 
response. Among the electrodes used in voltammetric techniques, it can be highlighted the 
glassy carbon electrode (GCE), pencil graphite electrode (PGE), gold and platinum 
electrodes. However, application of these electrodes is limited due to formation, 
obstruction or even similarity of the redox processes of the studied electroactive species 
on the electrode surface causing the poisoning of the electrodes. The limitation of the 





contribute to decreasing sensitivity and accuracy of these methods. To overcome this 
problem, the surface of the electrode can be modified using various materials that form 
films on the surface of the electrodes. 
There are four main categories based on the nature of modifying process that 
are illustrated in Figure 2 [11].  
1. Sorption-based CMEs, physical and chemical interaction properties are 
utilized as modifying procedures to form monolayer structures. Thiols self-assembled 
monolayer (SAM) of Au-chemisorbed surface is a well-known example in sorption 
studies [12]. Easy surface modification and functional group attachment are the main 
advantages of this approach.  
2. Covalent modification of the electrode surface that uses as a specific 
functional group is also of particular interest in the preparation of CME. Nevertheless, 
the limitation of monolayer coverage sometimes can restrict the electrochemical 
active on the electrode’s surface.  
3.  Polymer-based multilayer CMEs that provided an attractive route to resolve 
the problem cited above. Such CMEs can be prepared under homogeneous 
(uniform) or integrated heterogeneous (non-uniform) conditions. The uniform 
multilayer preparation includes ionomers, redox polymers, inorganic polymers, 
electrochemically deposition of mediators (metals or simple metal complexes) and 
mediator bearing monomers (pyrrole and amine containing complexes).  
4.  Heterogeneous multilayers, in the case of integrated non-uniform systems, 
the CMEs are constructed in supports like clay, zeolite, SiO2(sol-gel), etc. Some of 
the unique characteristics like ion exchange property and intrinsic catalytic activity of 
clay and zeolite as supporting materials are well exploited for analytical applications.  
Therefore, one of the versatilities of electroanalytical (EC) techniques is the 
ability to associate the faradaic current of the redox process with the concentration of the 
molecular target on the chemically modified electrode (CME). This slope between the 
concentration of the analyte and faradaic current allows the improvement of the sensitivity 
and selectivity of the electrode in analytical applications. The fine tuning occurs by 
controlling the electrode potential, making it as a variable free energy source (or sink) of 





organic chemistry, sensing of molecular targets, studies of corrosion, the performance of 
catalysts and material characterization.  
 
 
Figure 2 Schematic representation for the preparation routes of CME. 
To prepare the CME, a thin film of the material can be linked chemically or 
coated on the surface of the electrode to achieve desirable electrochemical properties. 
These electrochemical properties are dependent on the modifying material and the method 





of the distinguishable features of CME utilized in electroanalytical chemistry. For this 
reason, during past decades, an intense electrochemical research has been devoted to 
the development and application of different types of CMEs. Various materials such as 
carbon nanotubes (CNTs) [13], gold nanoparticles (AuNPs) [14], molecularly imprinted 
conducting polymers [15], graphene (GR) [16] and metal complexes [17] are the most 
common materials used as electrochemical mediators in electrochemical applications.  
Due to the diversity of materials and ways of preparing chemically modified 
electrodes, a more in-depth study of the area is necessary, especially with respect to 
difference between the modifying materials taking into account their advantages, 
difficulties and ways to solve problems.  
In this way, we will discuss in the next few topics some materials widely used in 
the literature for the development of electrodes such as porphyrins, compounds based on 
Prussian blue and complexes capable of forming self-assembled monolayers. 
Another determining factor in this area is a way to characterize these 
electrodes. Among the various electrochemical techniques used in literature, a technique 
that does not receive much attention for a characterization of the electrodes, leading to 
misinterpretations, is the electrochemical impedance spectroscopy (EIS).  This powerful 
technique is very useful for characterize how the modifications occurs on electrode's 
surface and it provides a series of electrochemical parameters that drives possible 
applications. A more detailed discussion will be done later. 
Porphyrins 
The porphyrins are a class of macrocyclic compounds, which play a very 
important role in the metabolism of living organisms. Porphyrin contains four pyrrole rings 
linked via methine bridges. The porphyrin nucleus is a tetradentate ligand that can 
coordinate various metals as zinc, cobalt, nickel, etc. When coordination occurs, two 
protons are removed from the pyrrole nitrogen atoms, leaving two negative charges. The 





Porphyrin metal complexes play an important role in biological activities as for 
instance iron complex in the haemoproteins, magnesium complexes in the chlorophylls, 
and a cobalt complex in Vitamin B12. From the perspective of coordination chemistry, the 
porphyrin ligand has turned out to be very versatile, and almost all metals have been 
combined with porphyrins. Such complexes have been used in a variety of applications as 
models for biological electron transport, oxygen transport, metalloenzymes and the 
metalloporphyrins electrocatalytic activity. 
Porphyrins with substituents at the methine bridges (position 5, 10, 15 and 20) 
are also named meso-substituted porphyrins. Changes in the porphyrin structure 
considerably effects on intermolecular interaction characteristics, which significantly 
changes the structure and properties of the obtained material [18]. The effects of meso 
substituents on the properties of materials have been widely discussed [19] [20]. 
In a specific case, supramolecular systems based on porphyrin-ferrocene 
(Figure 3) covalently linked have been broadly studied due to its electronic structure [21], 
photophysical properties [22] and electrochemical behavior [23] [24] [25]. Ferrocene (Fc) 
can be considered as a strong acceptor of electrons and supramolecular porphyrins can 
have their electron acceptor-donor character modulated according to a peripheral group 
attached [26]. The first example of the direct linkage between a porphyrin and a ferrocenyl 
subunit was reported by Wollmann and Hendrickson [27] upon reacting 
(ferrocenyl)carboxaldehyde with pyrrole in refluxing propionic acid media. After purification 






Figure 3 Structural comparison of meso-tetra(phenyl)porphyrin TPP and meso-
tetra(ferrocenyl)porphyrin TFcP derivatives 
In this way, one question emerges: Why do we study ferrocene as peripheral 
group in meso-substituted porphyrins? The ferrocene appeared to possess three types of 
exceptional properties, stability up to 400 °C (m.p. 172.5 °C) with an iron center that has 
the saturated electronic structure of noble gas krypton, reactivity as a superaromatic 
electrophile, and mild and reversible oxidation around +0.4 V versus saturated calomel 
electrode (SCE) making the Fc used as reference in electrochemical measurements [29]. 
In cyclic voltammetry, ferrocene presents a reversible single-electron redox 
wave upon anodic oxidation around 0.642 V vs SHE [30]. The electrochemical reversibility 
implies that electron transfer from the ferrocene to the electrode and back-electron transfer 
between the electrode and ferricinium are fast on the timescale of potential scanning in 
cyclic voltammetry.  
Since the electron transfer between ferrocene and some substrate is rapid, 
studies have been carried out considering how this transfer occurs between ferrocene and 
an acceptor, as an example Kraatz's and coworkers [31]. They have studied how is the 
mechanism of electron transfer between ferrocene and DNA. This fast electron transfer 
rate and easy ferrocene oxidation are having far-reaching consequences and applications 





and electrochromic devices, for example. For instance, ferrocene-containing 
nanostructures such as ferrocene–peptide conjugates undergo extensive rearrangements 
upon oxidation of the ferrocene unit to ferricinium, as recently shown by Kraatz's 
group.[32]. 
Thus, the combination of the properties of porphyrins and Fc can generate new 
properties and produces new possibilities in the research field of photoinduced electron 
transfer processes, mimetism of photosynthetic active sites, development of molecular-
based electronic devices and electrochemical sensors [33]. 
Their multiple redox active centers are also of fundamental importance for the 
development of molecular-based electronic devices [34] or molecular electronic sensors 
[35]. Their ability to reversibly accept and/or release several electrons at distinct potentials 
is particularly interesting in multi-electron redox catalysis [36] and can be used for 
information storage at the molecular level [37]. 
One of the strategies to take advantage of porphyrinferrocene system is its use 
in chemically modified electrodes as an electroactive layer. This is possible because the 
chemical characteristics of porphyrinferrocene can be transferred to electrode’s surface 
and it can be used in sensing of molecular targets [38]. On the other hand, one challenge 
to modify electrodes with the meso-tetraferrocenyl-porphyrin (TFcP), is the fact that TFcP 
is oxidized on the electrode during the anodic sweep. Because of this, the positive charge 
is produced in the ferrocene group and the molecular film of TFcP is solubilized in polar 
solvents, such as water. In order to improve the stability of the film of TFcP in glassy 
carbon electrode, we used a composite formed by TFcP and Prussian blue (PB), which is 
a well-known inorganic compound derived from the reaction between hexacyanoferrate(II) 
and iron(III).  
Pentacyanidoferrate 
The hexacyanideferrate (HCF) and several pentacyanideferrates (PCF) were 
described in the literature between the 19th and 20th century [39] [40]. Typically, PCFs are 





point in PCF studies is the charge transfer band in the visible region, which gives these 
complexes an intense color, as it can be seen in Figure 4. 
 
Figure 4 Aqueous solutions of PCF [Fe(CN)5X]. X from left to right: Nitro (NO), 
cyanide (CN-), Aqua (H2O), amino (NH3), isonicotinate (C6H4NO2), pyrazine (C4H4N2) and 
methylpyrazinium (C5H7N2) [42]. 
Another important feature of these cyanide complexes is their ability to form 
bridging bonds, resulting in materials with structures similar to PB. This unique material 
has well defined electrochemical properties and can be called of electroactive coordination 
polymers (ECP). Prussian blue (Figure 5) is an inorganic polymer with the characteristic of 
Metal-organic frameworks (MOF). It was discovered accidentally by Diesbach and Dippel 
in the early eighteenth century, and is the first inorganic complex recorded in the literature 
[43]. 
 






From the first reports, several researchers evaluated the method of preparation 
[45], the structure [46], [47], the oxidation state of the iron [48] atoms and their applications 
and even after so many years there are doubts related to its structure. Initially, the PB was 
used as pigment [49] but later because of its high affinity for cations allowed it to be used 
for capturing thallium and cesium [50]. Electrochemical properties such as 
electrochromism [51], catalytic reduction of hydrogen peroxide [52] and molecular oxygen 
are also reported [53]. At present, the investigations using this compound have the focus 
on electrochemical sensors [54], fuel cells, and sodium batteries [55], besides reports 
involving water splitting. 
It is also expected that a change in the characteristics of the formed 
electroactive coordination polymers will occur when mixing a solution of PCF with a 
solution containing FeIII. The formation of ECP is observed (Figure 6), except in the case 
of the nitro ligand, due to its non-innocent character [56]. When the ligand is the amino or 
aqua group, the ECP produced is quite similar to the traditional PB. However, when the 
ligand is an N-heterocyclic, the ligand-metal charge transfer band (LMCT) of the N-
heterocyclic ligand in the structure is still observed [57], as well as the transition from the 
cyanide. 
 
Figure 6: Aqueous solutions of PB obtained from PCF. From left to right: Nitro 
(NO), cyanide (CN-), Aqua (H2O), amino (NH3), isonicotinate (C6H4NO2), pyrazine 
(C4H4N2) and methylpyrazinium (C5H7N2
+) [42]. 
Another interesting point is the contribution of the ligand in the formation of 
cavities in the PB structure. The morphology and crystallinity of the resulting coordination 
polymers are directly influenced by the ligand associated therewith and can yield 





Taking into account the use of PCF in the production of electroactive 
coordination polymers, a new analysis can be studied in order to produce Prussian blue 
analogues and new coordination polymers, this is because the N fragment of the cyanide 
ligand has the ability to coordinate with other metal centers. the formation of traditional 
Prussian blue occurs when the metal involved in bonding is iron, but metals such as 
ruthenium can be used to. The change of the metal center coordinated by cyanide bridge 
has been well explored, as it also allows a structural, spectroscopic and electrochemical 
change [59]. ECP based in Prussian blue analogous are isostructural with respect to the 
traditional PB and can be crystalline or non-crystalline depending on the form of 
obtainment, besides being possible to obtain combinations of transition metal ions in 
multiple states of oxidation. They are also highly porous, being able to incorporate solvent 
molecules and alkali metal ions easily, but a problem in this compounds are that they do 
not have a defined stoichiometry. 
The catalytic activity of the electroactive coordination polymers in the 
coordination chemistry has been explored from some years ago [60]. The ECPs were used 
for the preparation of modified electrodes [61], [62], [63], for multiple applications of 
electrochemical sensors [64], [65] and in applications involving electrochromic monitors 
[66]. In the field of electrocatalysis, several derivatives have been used for the oxidation or 
reduction of organic materials [67]. In oxidation catalysis [68], PB modified electrodes have 
been developed to detect and quantify a variety of substrates such as hydrazine [69], 
vitamins [70], amino acids [71], nucleobases [72], glucose [73], and other biologically 
relevant molecules [74]. It has also been reported that such derivatives could be used for 
administration of drug controlled by electrophoresis [75]. In the field of energy applications, 
Prussian white was reported to be an efficient proton reduction catalyst for the evolution of 
hydrogen, exhibiting higher activity than noble metals like Pt [76]. The ruthenium purple 
also (common name given to the ECP obtained by the reaction between the [Ru(CN)6]
4- 
complex and Fe3+ ion.) showed activity for the hydrogen evolution reaction [77]. In spite of 
being intensively used as oxidation catalysts, the activity of ECP for the oxygen evolution 
reaction was not established until 2013, when the electrocatalytic activity of K2xCo3-
x([Fe(CN)6]2 (CoFePB) was observed [44]. At neutral pH, this ECP exhibits kinetics 





electrodes maintain a persistent catalytic activity for weeks at neutral pH under ambient 
conditions.  
ECPs appear to be a viable alternative to metal oxides to promote the oxidation 
of water in artificial photosynthetic devices. They have competitive kinetics, have better 
stability in neutral and acid media, are obtained from earth-abundant metals, and can be 
easily processed as powders, thin films or nanoparticles using classical coordination 
chemistry tools. In addition, they are active at neutral or acid pH, without the need for 
additional electrolytes since their stability occurs through the formed cyanide bridge, 
without the participation of oxo or hydroxyl groups in their structure. 
Due to these characteristics, the modification of electrodes for electrocatalytic 
purposes such as water oxidation or the electrochemical detection of biomolecules are 
extremely attractive using this type of material. The limitation is the stability of the formed 
film on the electrode surface after several cycles of film reduction, it being reported that the 
films of PB slowly detach themselves from the electrode surface after several cycles of film 
reduction. This systematic effect occurs for all types of electrolytes. The decay of the 
current signal is due to the loss of ferric ion from the film [78]. 
Another limiting factor is the ease with which the formed film can transfer 
electrons to the electrode or to the solution. Several papers present studies involving this 
factor mainly in the context of biological processes, sensors, artificial and electronic 
photosynthesis [79], [80], [81], [82], [83]. The focus on electron transfer kinetics has greatly 
increased in the field of molecular electronics (rectifiers, junctions, switches, transistors, 
sensors, etc.), to portray the electron transport between electrodes through molecular 
bridges[84], [85]. 
In view of these characteristics, the compound Na3[Fe(CN)5(PZT)] (PZT = 2-
Pyrazinylethanethiol, Figure 7) can be a very interesting alternative to study, because the 
presence of the N-heterocyclic ligand would stabilize the metal center in higher oxidation 
states, if it is possible to modify electrodes mainly with the thiol fragment. In addition, the 
formation of Prussian blue analogues can be facilitated by a possible coordination 















Figure 7 Structure of the FePZT complex 
Ruthenium complexes as modifying agents 
Electrocatalytic modified electrodes containing one redox mediator are a useful 
method for simultaneous determination of biological molecules [86] [87] [88]. Different 
ruthenium compounds such as oxides and complexes possess electrocatalytic properties 
which have been used to modify the electrodes for electroanalysis. Ruthenium complexes 
have attracted much attention in electrochemistry and electrochemical sensors owing to 
their excellent electrocatalytic activity.  
Ruthenium(II) forms with 2,2-bipyridine (bpy) and its derivatives a large number 
of mononuclear mono, bis and tris complexes. The majority of studies have focused on 
bis, [Ru(bpy)2L]
n+, and tris complexes,  [Ru(bpy)3]
n+. Interest in the latter has been 
stimulated by their light-induced electron and energy transfer properties and the various 
applications utilizing these phenomena [89]. The structural influence on the 
electrochemical properties of these compounds has extensively been studied. The effects 
of different ligands on ruthenium redox reactions are well known [90] and several 
equations have been presented to correlate RuIII–RuII oxidation potentials with bipyridine 
(bpy–bpy*) reduction potentials [91]. 
An analog of the [Ru(bpy)2(Cl)2]
2+ complex is the [Ru(dcbpy)2Cl2] (dcbpy= 2,2-
bipyridine-4,4′-dicarboxylic acid) complex. This compound is primarily used in the 
development of solar cells because of its high affinity to the substrate (FTO, ITO and TiO2) 
across the carboxylic groups. The most common sensitizer used [92] [93] [94] in the 





excellent absorption in the visible spectrum, a high electron injection rate, high turnover 
rates, and high stability in photoelectrochemical cells. However, while the photophysical 
properties of cis-[Ru(dcbpy)2(NCS)2] have been studied, [95], relatively little information on 
the solution phase redox chemistry is available [96] even though the reversible potential of 
the RuIII/RuII couple is an essential component in the thermodynamics of the photovoltaic 
cell, for that reason a better understanding of the communication of this complex with 
surfaces in which it is chemically connected is necessary. 
The study of the electrochemical properties of supramolecular systems is an 
area of intense current interest [97]. A subset of this field of study is the production of 
redox-active molecular receptors capable of sensing charged or neutral substrates and 
reporting their presence by means of an electrochemical response [98]. The 
electrochemical recognition of a guest by such a receptor requires that the guest binding 
site and the redox active group can communicate [99]. Evidently, selective binding of a 
particular guest species coupled with an electrochemical response is of paramount 
importance for future potential prototypes of new amperometric molecular sensory 
devices. 
For that reason, the complex [Ru(dcbpy)2Cl2] is interest for its electrochemical 
property and the presence of the carboxylate groups on the dbpy ligand, owing to the 
interaction between the target (dopamine) and these groups. 
Dopamine (DA) is an important neurotransmitter involved in several metabolic 
processes, playing a crucial role in central nervous, renal and hormonal systems. In 
addition, it is also related to cognitive functions and some neurological diseases, such as 
Parkinson’s disease and schizophrenia which have been associated with low levels of 
dopamine [100]. Therefore, monitoring levels of this biomolecule are of great interest, and 
many analytical methods have been created for this purpose. In this scenario, 
electroanalytical methods appear as the sensitive, fast and low cost for electrochemical 






The concept of self-assembly, might be defined as the spontaneous formation 
of complex structures from pre-designed building blocks, typically involving multiple energy 
scales and multiple degrees of freedom [102]. 
Self-assembled monolayers (SAM) are ordered molecular agglomerations that 
are formed spontaneously by the adsorption of a molecule with a specific affinity, in most 
cases only a part of the structure, to a substrate. The research of SAMs and the progress 
in the understanding on a microscopic level started in the 1980s, mainly due to the 
development of techniques such as scanning probe microscopies and grazing-incidence 
X-ray diffraction facilitating the characterization of the formation of these SAMs [102]. 
In the literature, it is possible to find several works involving SAMs and some 
cases that are considered model systems as gold interaction with thiol molecules [103] 
and silane-based systems on SiO2 [104] were identified. In this sense, the focus in these 
studies on the formation of SAM, will be on the modification of gold electrodes with 
molecules containing the thiol fragment, making the formation of a chemically modified 
electrode to be faster and efficient. 
Well-ordered thiol based SAMs can be formed from a variety of sulfur 
containing species [105]. The gold surface is relatively chemically inert; it does not readily 
form a surface oxide nor keep a strong hold of adventitiously adsorbed material, and 
therefore SAMs can easily be prepared in ambient conditions. 
The surface structures formed by the adsorption of thiols on gold surfaces are 
generally well ordered and crystalline. Upon exposure of a gold substrate to such a thiol in 
solution or in the gas phase, a bond between gold and sulfur forms rapidly in a time scale 
ranging from seconds to minutes [106]. The next stage of monolayer formation would be 
its rearrangement, ensuring an increase of order of the assembly to minimize the repulsion 
between then [102]. However, the film is restricted from growth normal to the surface 
because of the molecule’s unreactive, methyl-terminated tail, resulting in a chemically 
passivating film of monomolecular thickness. At low surface coverage, the thiol molecules 





coverages, the molecules begin to stand up, with the hydrocarbon tails tilting in the all-
trans configuration to maximize van der Waals interactions [107]. 
In addition, SAMs are particularly attractive because of their ease of 
preparation; tunability of surface properties via modification of molecular structure and 
functions; capability for building blocks in more complex structures, possibility of lateral 
structuring in the nanometer regime; and the applications made possible by these 
features.  
Self-assembled monolayers have become an ideal system for the theoretical 
study of interfacial phenomena [108], especially in electrochemistry. SAMs provide an 
excellent platform for exploiting electrochemistry to study electron transfer processes 
because each variable (ΔG, HAB, λ, T) can be controlled experimentally. For example, 
SAMs allow double layer effects to be controlled and eliminate problems associated with 
diffusive mass transport.  
The electrochemical study of the monolayers results in a sophisticated analysis 
of the film, as well as for controlling the reactivity of the SAM interface by modifying the 
molecules at the surface. In terms of electrochemistry, gold is a widely used substrate as 
electrode and when this is exposed to the presence of a thiol molecule the film formed will 
provide up to a 99% electrochemical blocking effect if the thickness is sufficient to allow for 
close packing of the chains, allowing only 1% of the current that could occur before SAM 
adsorption [109]. With the formation of the monolayer, some points of the electrode may 
be free due to defects that may occur during its formation these defects named ‘‘Pinhole’’, 
can serve as an array of ultra-microelectrodes [110].  
Generally, the electrochemical measurements of the SAM-modified gold 
electrode are performed using a probe as [Fe(CN)6]
4- and [Ru(NH3)6]
3+. The process can 
only occur at the gold surface through pinholes and other defects in the monolayer film, 
where the species can penetrate through the SAM and access the electrode underneath 
[111]. Another feature that SAMs have is the ability to change the capacitance values of 
the electrode (which decreases as a function of the thickness of the organic layer 





Another important parameter that SAMs provides is the values of electron 
transfer (kET). Electron transfer has been extensively studied in the context of biological 
processes, sensors, artificial photosynthesis, and molecular electronics [112] [113]. Focus 
on electron transfer kinetics has greatly increased in the field of molecular electronics 
(rectifiers, junctions, switches, transistors, sensors, etc.), to delineate electron transport 
between electrodes through molecular bridges [114] [115]. 
A variety of electrochemical techniques are used to probe each of these 
electron transfer variables. The bridge controls the distance and coupling between the 
redox center and the electrode. Reorganization energy can be probed by changing the 
molecular environment of the redox center by using a variety of solvents or by changing 
the SAM composition. The effects of changing each of these variables can be quantified 
using electrochemical techniques. There are four electrochemical techniques typically 
used for determining kET in redox-active SAMs; cyclic voltammetry (CV), 
chronoamperometry (CA), alternating current voltammetry (ACV), and electrochemical 
impedance spectroscopy (EIS) [116].  The last technique is less known among academic, 
mainly in works that are not strictly electrochemically, for this reason, the next topic will be 
focused on explaining better the basic concepts of this technique and why it is a tool of 
extreme importance in the characterization not only of SAMs but also in the 
characterization of modified electrodes in general. 
Electrochemical impedance spectroscopy 
The electrochemical impedance spectroscopy studies the system response to 
the application of a periodic small-amplitude ac signal. The measurements are carried out 
at different ac frequencies and thus the name impedance spectroscopy was later adopted. 
Analysis of the system response contains information about the interface, its structure, and 
the reactions taking place there. One of the most attractive aspects of impedance 
spectroscopy as a tool for investigating the electrical and electrochemical properties of 
materials and systems is the direct connection that often exists between the behavior of a 
real system and that of an idealized model circuit consisting of discrete electrical 
components. The investigator typically compares or fits the impedance data to an 





system under investigation. The main objective of the present section is to define and 
discuss the analogies between circuit elements and electrochemical processes so that the 
results of data fitting can be more easily converted into physical understanding. That such 
a close connection exists between electrochemistry and the behavior of idealized circuit 
elements is not surprising, since the fundamental laws which connect charge and potential 
and which define the properties of linear systems are unchanged in passing from 
electronic to ionic materials [117]. 
Assuming the generic reaction (Equation 2), where n is the number of electrons 
transferred, O is the oxidant, and R is its reduced product (reductant). The electron is 
transferred across the electrified interface, as illustrated in Figure 8. The charge transfer 
leads to both faradaic and nonfaradaic components.  
𝑶 + 𝒏𝒆− → 𝑹    Equation 2 
The faradaic component arises from the electron transfer across the interface 
by overcoming an appropriate activation barrier, referred to as polarization resistance (Rp), 
along with the uncompensated solution resistance (Rs). The nonfaradaic current results 
from charging the double-layer capacitor (Cd). When the charge transfer takes place at the 
interface, the mass transports of the reactant and product take on roles in determining the 
rate of electron transfer, which depends on the consumption of the oxidants and the 
production of the reductant near the electrode surface. The mass transport of the reactants 
and the products provides another class of impedance (ZW), which can be exploited by 
electroanalytical chemists because it shows up in the form of a peak current in a 
voltammogram [118]. The Electrochemical Equivalent Circuit (EEC) in Figure 8 shows that 
each circuit component corresponds to each interfacial component. The EEC first 
proposed by Randles displays both the high-frequency components (Rs) and the low-
frequency components (ZW). The left-to-right arrangement of the EEC is important 
because the impedance data are normally displayed in this manner. Also, note that the 
activation barrier at any potential is represented by the polarization resistance, Rp, but that 
the barrier becomes the charge-transfer resistance, Rct, at the standard (or formal) 






Figure 8: At top are the electrical circuit elements corresponding to each 
interface component. At bottom are a representation of an electrode interface in which the 
electrode is negatively charged, and counter cations are aligned along the electrified 
surface. 
Together, Rct and Zw make up the faradaic impedance, Rct reflects the charge 
transfer kinetics and can be thought of as the ratio of overpotential to the current in 
absence of mass transfer limitation, Rct goes through a maximum at the equilibrium 
potential; hence, it is best to perturb the electrochemical system around this value. There, 
the current–potential relationship can be linearized, and Rct is found to be inversely related 








       Equation 3 
The mass transfer impedance depends on the mode of mass transport within 
the cell. For semi-infinite linear diffusion, Zw is a complex number whose real and 





















)    Equation 5 
𝝎 = 𝟐𝝅𝒇       Equation 6 
Combining the impedance of all components gives the overall impedance of the 
cell that can be divided in a real part and an imaginary part: 
𝒁𝑪𝒆𝒍𝒍 =  𝒁𝑹𝒆 + 𝒋𝒁𝑰𝒎     Equation 7 
Were 











𝟐   Equation 8 
And 














𝟐  Equation 9 
The frequency response of the cell is represented by plotting ZIm vs. ZRe. This is 
known as a Nyquist plot.  Alternatively, Bode plots (log(|Z|)) and phase angle vs. 
log(frequency) or log(ZRe) and log(ZIm) vs. log(frequency)) may be used. In general, it is 
usual to extract some information from the impedance diagram as the value of Rct from the 
diameter of the circle, RS from the high frequency intercept on the real axis and CDl from 





There are, however, dangers in the indiscriminate use of analogies to describe 
electrochemical systems. The first point to be made is that equivalent circuits are rarely 
unique. Only the simplest circuits can be said to be unmistakable in their description of 
experimental data; in complex situations, choices based on other physical data are often 
necessary. It should also be remembered that electrolytes, interfaces, and so on are only 
approximately modeled by idealized circuit elements over a limited range of experimental 
conditions [119]. The impedance is supposed to be independent of the amplitude of the 
applied signal, or at least to approach a constant finite limit as the amplitude of the signal 
is decreased.  
Electrochemical systems, of course, can be highly nonlinear, and response to 
large signals includes rectification and higher harmonic generation. Interfacial 
capacitances are also voltage-dependent and mass transport will also be nonlinear if 
diffusion coefficients or thermodynamic terms, present in the diffusion expression, are a 
function of concentration. The use of small signals, however, is, in general, a distinct 
advantage of the impedance approach as compared to cyclic voltammetry, for example, 
where the wealth of information contained in a single experiment may prove too difficult to 
deconvolute. Usually, the voltage dependence of the electrochemical parameters is rather 
small, and a linear expansion of the ac current, in terms of the variation of the perturbed 








The general objective of the thesis is evaluated the electrocatalytic properties of 
chemically modified electrodes in sensing of molecular targets. 
 In the first part of the work, we have studied a strategy to stabilize films of 
meso-tetra(ferrocenyl)porphyrin (TFcP) with Prussian blue (PB) on glassy carbon 
electrodes. Combining the ability of PB to form films and the capacity of TFcP to form a 
homogeneous layer, the electrochemical synergistic effect of these compounds could be 
obtained. In addition, it is possible to obtain a promising CME for use in analytical 
detection of dopamine as a chosen target molecule. 
In the second part of the work we focus in the use of ECP in the development of 
electrodes capable of being applied in the detection of biologically active molecules such 
as dopamine, using pentacyanidoferrate complex with the 2-pyrazine ethanethiol ligand 
(FePZT). 
Finally, in the third part, the objective was to evaluate the interaction of the 
[Ru(H4dcbpy)2Cl2] complex with 4-mercaptopyridine ligand bound on the gold electrode. 
Moreover, the immersion time of the electrode needed to obtain a more efficient SAM for 
the study was determined using electrochemical techniques. After this study, the electrode 
was submitted to electrocatalytic tests involving the dopamine molecule with the intention 








Development of glassy carbon work electrode 
Initially, two types of glassy carbon electrodes were fabricated, one Teflon 
threaded electrode and another glass electrode. The electrodes were constructed with 
glassy carbon rods measuring 1.0 cm in length by 0.2 cm in diameter. These rods were 
then sealed in a glass tube or a Teflon cylinder with approximately 1.0 cm diameter. When 
heated, both the glass and the Teflon become more malleable by allowing the glass-
carbon cylinders to be inserted into the wells. When these materials dried the glassy 
carbon stick becomes attached to the material (Figure 9). 
 
Figure 9: Representation of the electrode assembly. 
To make the electrical contact with the stainless steel pin, glassy carbon wool 
was used to ensure that the contact is efficient. Afterwards, the electrodes were subjected 
to a mechanical treatment of the abrasive surface in 600 800 1000 and 1200 grit sizes 
water sandpaper, to expose the glassy carbon and to level the surface of the electrode 
(Figure 10). Afterwards, a polishing was carried out with alumina suspension of 1.0, 0.5 
and 0.3 mm. The electrodes were then immersed in distilled water and subjected to 





particles from the surface of the electrodes. Ultrasound treatment was repeated in ethanol 
and then in isopropanol. 
 
Figure 10: Photographs of the assembled electrodes. 
Synthesis of meso-tetra(ferrocenyl)porphyrin (TFcP).) 
The free-base 5,10,15,20-tetrakis(ferrocenyl)porphyrin (TFcP) derivative was 
synthesized according to previously described procedures by Nemykin and co-workers 
[120] by Professor Bernardo Almeida Iglesias from Departament of Chemistry, 
Universidade Federal de Santa Maria. A mixture of ferrocenecarbaldehyde (500 mg; 2.33 
mmol), pyrrole (167 mg; 2.5 mmol) and BF3·Et2O (31.6 mL; 0.25 mmol) in dry CH2Cl2 (80 
mL) was kept for 24 h at room temperature in argon atmosphere. After this period, p-
chloranil (808 mg; 3.3 mmol) was added and the resulting mixture was refluxed for 3 h. 
After solvent evaporation, the residue was purified by column chromatography using silica 
gel in a toluene/triethylamine mixture 100:1 (v/v) as the eluent. Finally, the product was 





Modification of glassy carbon electrode with TFcP and PB 
Before the modification, the glassy carbon electrode (GCE) was cleaned with 
1.0, 0.5, 0.3 μm alumina slurry on a felt cloth, rinsed with distilled water and isopropanol 
then dried at room temperature. Afterwards, the GCE was modified with Prussian Blue 
(PB). PB was synthesized mixing 10.0 mL of a 1.0 mmol L-1 potassium ferrocyanide 
solution with 10.0 mL of 2.0 mmol.L-1 iron (III) chloride. A dark blue solid was obtained and 
separated by centrifugation. The modification is performed by drop-casting of 10.0 µL of 
the PB (0.5 mg mL-1) on the electrode surface. Thereafter, the modified electrode was 
dried for 1 hour with a heat gun. A second layer was composed of meso-
tetra(ferrocenyl)porphyrin TFcP in DCM (1.0 mmol.L-1 – 1.05 mg mL-1) and dropped on the 
electrode (10.0 µL) and left to dry for 1 hour with a hairdryer. After, it was dropping the 
following layers: PB-TFcP-PB. Electrochemical measurements have been performed in a 
three-electrode cell, with Ag/AgCl as a reference electrode, Pt wire as auxiliary and the 
GCE as a working electrode in KCl/HCl 0.10 mol L-1. After, 50.0 L of 1.0 mmol L-1 
dopamine (DA) solution were added to the cell. The mixture was analyzed by square wave 
voltammetry, in the potential range from 0.0 V to 0.80 V vs Ag/AgCl. The amplitude of 
SWV was 0.05 V and the frequency of 25.00 Hz. 
Synthesis of complex Na3[Fe(CN)5NH3] (FeNH3) 
6.0 g of sodium nitroprusside (6.0 g Na2[Fe(CN)5NO].2H2O) were added to 40 
mL of ammonium hydroxide (NH4OH) in an Erlenmeyer (250 mL). The flask was stirred 
until complete solubilization of sodium nitroprusside. Then the flask was covered with 
aluminum foil and cotton was placed on its top to allow the gas outlet. The solution was 
stirred in dark for 3 hours and the color became dark yellow. For precipitation, 6.0 g of 
sodium iodide (NaI) was added and a yellow solid began to settle on the bottom. 100 mL 
of ethanol was slowly added to ensure complete precipitation. The solid was filtered, 
washed with ethanol and dried over a vacuum line until constant weight. The yield was 
74%. C5H9FeN6Na3O3 (325.98 g mol
-1): Calc. C 18.42, H 2.78, N 25.78; Found C 18.24, H 





Synthesis of complex Na3[Fe(CN)5(PZT)] (FePZT) 
0.2 g of aminopentacyanidoferrate was dissolved in 1 mL of water and then 
mixed with 1 mL of the ligand solution five times in excess. The solution was maintained in 
an ice bath for 30 minutes, without light and under stirring. In the solution 1.0 g of NaI was 
added and, after complete dissolution, 30 ml of ethanol was slowly added under intense 
stirring until complete precipitation of the complex. The solid was vacuum pumped, 
washed with ethanol, redissolved in a solution, treated with an additional 1.0 g of NaI, 
filtered and kept in a desiccator to constant weight. The yield was 40%. C5H9FeN6Na3O3 
(395.98 g mol-1): C 33.44%, H 2.04%, N 24.82%; Found C 24.35%, H 1.955%, N 21.45%. 
Synthesis of ECP FeFePZT 
The PB containing the Fe-PZT complex (FeFe-PZT), was synthesized by the 
direct method [121]. The direct method is a one-step process which consists of mixing a 
solution of ferric salt with a solution of a hexacyanoferrate (II). 2 mmol L-1 of ferric chloride 
was added to a solution of Fe-PZT (2 mmol L-1) to give FeFe-PZT, which was green in 
color. The product was then precipitated in acetone and centrifuged to isolate the solid by 
repeating the process three times to purify the solid. 
Modification of platinum electrodes (Pt@FeFePZT) 
The platinum electrode was polished with alumina 1.0, 0.5 and 0.3 μm in the 
given order, and rinsed with Milli-Q water, followed by ultrasonication in ethanol and 
deionized water (1:1) for 10 minutes. For the modification of the electrodes, 10 μL of 1.0 g 
mL-1 suspensions of FeFePZT was dropped onto their surfaces. It was left to dry in a 
desiccator under vacuum for 12 hours at room temperature. 
Synthesis of [Ru(dcbpy)2Cl2] 
This complex was synthesized using a slight modification of previous procedure 
[122]. RuCl3.3H2O (0.20 g, 1 mmol) was dissolved in 50 mL of DMF under argon. After the 
solution was stirred for 15 min, another 50 mL of DMF was added. To this solution, 2,2-





an oil bath that was maintained at 170° C while the contents were refluxed with vigorous 
stirring for 3 h in the dark and under argon atmosphere. The reaction mixture was allowed 
to cool to room temperature and filtered through a sintered glass funnel. DMF was 
evaporated completely on a rotary evaporator under vacuum. The resulting solid product 
was washed with a 1:4 mixture of acetone and diethyl ether. The solid was stirred again in 
100 mL of 2 M HCl for 4 h in dark, and the mixture was filtered through a sintered glass 
funnel. After drying, the yield was 0.489 g (68%). Found (Calculated) (%): C, 44.10 
(43.67); H, 2.70 (2.44); N, 8.98 (8.48). 
Functionalization of gold electrode with 4-mercaptopyridine 
The clean gold electrode was immersed in a solution of 1x10-3 mol L
-1 4-
mercaptopyridine (4mpy) and then kept in dark for 12 hours. Afterwards, the electrode was 
immersed in water and sonicated for 5 min. The electrode 4mpy-Au was then immersed in 
a solution of 1x10-3 mol L-1 of [Ru(H4dcbpy)2Cl2] in DMF and kept in dark for 12 hours. 
Thereafter, it was cleaned with water to remove the excess of ruthenium. 
Solutions of the compound ([Ru(dcbpy)2Cl2]) in different concentrations were 
prepared in acetonitrile. The detection of dopamine was carried out using square wave 
voltammetry in an electrochemical cell containing Ag/AgCl KCl in 3.0 mol L-1 with 
tetrabutylammonium perchlorate as a reference electrode. The glassy carbon electrode 
was used as working electrode and platinum wire as the auxiliary electrode. The 
measurements were made in KCl 0.1 molL-1 aqueous solution 
Equipment and Materials  
The electronic spectra were obtained on an HP Agilent 8453 spectrophotometer 
using a quartz cuvette with an optical path length of 1 cm with a range from 200 to 1000 
nm. The infrared spectrum was obtained in KBr pellet on a Bomem MB 100 Spectrometer 
at a resolution of 2 cm-1 in the range of 4000-400 cm-1. Cyclic voltammograms were 
obtained in an Autolab PGSTAT302 potentiostat using 0.1 mol L-1 potassium chloride 
(KCl) as supporting electrolyte in all measurements. A glassy carbon electrode, gold 
electrode and platinum electrode with 0.2 diammeters were used as the working electrode, 





an auxiliary electrode. For each measurement, solutions of the complexes 5.0 x 10-3 mol L-
1 were used. All solutions were bubbled with nitrogen before. Electrochemical impedance 
spectroscopy analyses were performed using the same three-electrode cell, using the 
modified or bare electrodes as a working electrode, with amplitude of 10 mV and in the 
range of 5000-0.05 Hz. The X-ray powder diffraction analyses were performed in a 
Shimadzu XRD 7000 diffractometer, with a copper tube operating at 40 kV and 30 mA. 
The separation between the dispersion slots was 1.0 θ and the receiving slit was 0.30 mm. 
The scanning was performed in continuous mode, from 5 to 60° and scanning speed of 2 ° 
θ min-1. Sodium nitroferricyanide was purchase from Acros organics, Ruthenium(III) 
chloride trihydrate (Ru content 45-55%), 2-Pyrazinylethanethiol 97% and 4-
mercaptopyridine 97% and 2,2′-Bipyridine-4,4′-dicarboxylic acid 98%, were purchase from 








Results and discussions 
Assembly of glassy carbon electrodes 
The first part of the work was the assembly of working electrodes of glassy 
carbon. One of the problems that we find in the development of modified electrodes is the 
difficulty in characterizing the compounds present on the surface of the electrode, either by 
the amount of the material present there or by experimental difficulties. 
The electrochemical response of the glassy carbon electrode developed in the 
laboratory can be evaluated by cyclic voltammetry using a solution of K3[Fe(CN)6] 5.0 
mmol L-1 in 0.5 mol L-1 KCl. Cyclic voltammograms were obtained in the range of -1.0 and 
1.0 V vs Ag / AgCl (Figure 11). 
 
Figure 11: Cyclic voltametry of the home made glassy carbon Electrodes in 0.1 
mol L-1 KCl at 298 K using K3[Fe(CN)6] (5x10
-4 mol L-1 ) at scan rate of 100 mV.s-1. In red is 
represented the voltammograms of an electrode that was assembled effectively, and in 
black an electrode with defects.  




























Considering the reversibility of the Fe(II)/Fe(III) pair response in potassium 
ferricyanide, the electrode is expected to present a ΔEp value of approximately 59 mV. 
The relatively higher value obtained (0.5 V vs Ag/AgCl) may be related to surface 
activation, the charge transfer rate on the surface of the carbon graphite electrode. The 
difference in peak potentials is affected not only by the type of material, but also by any 
treatments to which the surface has been submitted, thus indicating that the surface of the 
glassy carbon electrode has been oxidized in the exposure by air [123]. 
The peak current of a reversible electrochemical process controlled by mass 
transfer can be used to determine parameters that affects the flux of electroreactant at the 
electrode surface, for example, the kET value of the electrode reaction, the area of the 
electrode, the diffusion coefficient and bulk concentration of the electroactive species. 
With respect to the heterogeneous electron-transfer process, reversible 
systems are always at equilibrium. The shapes and positions of reversible waves, which 
reflect the energy dependence of the electrode reaction, can be exploited to provide 
thermodynamic properties, such as standard potentials, free energies of reaction, and 
various equilibrium constants, just as potentiometric measurements can be. Thus, we can 
observe that the manufactured electrode 1, presents a greater displacement in the 
oxidation and reduction potentials of the probe molecule showing that these 
thermodynamic factors are altered in this electrode. 
The wave shape is most easily analyzed in terms of the "wave slope," which is 
expected to be 2.303RT/nF (i.e., 59A/n mV at 25°C) for a reversible system. Larger slopes 
are generally found for systems that do not have both Nernstian heterogeneous kinetics 
and overall chemical reversibility, thus the slope can be used to diagnose reversibility. If 
the system is known to be reversible, the wave slope can be used alternatively to suggest 
the value of n. Often one finds the idea that a wave slope near 60 mV can be taken as an 
indicator of both reversibility and one electron process. If the electrode reaction is simple 
and does not implicate, for example, adsorbed species, one can accurately draw both 
conclusions from the wave slope. However, electrode reactions are often subtly complex, 
and it is safer to determine reversibility by a technique that can view the reaction in both 
directions, such as cyclic voltammetry. As we know that the probe used presents an 





this slope is due to two reasons, due to oxidation at the surface of the material that would 
make the probe process irreversible under working conditions, and that there is material 
adsorbed on the electrode, either in cracks or even on the surface [117]. Observing the 
Figure 11 the slope of the process is much lower than 59 mV, approximately 11 A mV-1 
which indicates that the surface of the electrode somehow interacts with the probe 
differently, possibly due to an impurity on the glassy carbon surface which can be oxidized 
by the air, functional groups such as carbonyls, alcohols and carboxylic acids impeding the 
communication of the probe with the electrode and assimilating the differences. 
To solve this problem, the surface of the electrode can be polished, which 
would eliminate the oxidized material and level the surface of the electrode causing the 
holes to be eliminate. 
After repeating the polishing procedure of the electrode surface, the obtained 
voltammograms (Figure 12).  are comparable to the voltammograms of the clean platinum 
electrode (Figure 13). Based on these data, the developed electrodes can then be used 






Figure 12:  Cyclic voltammetry of the home made glassy carbon electrodes in 
0.1 mol L-1 KCl at 298 K using K3[Fe(CN)6] (5.0x10







Figure 13 Cyclic voltammetry of the platinum electrodes in 0.1 mol L-1 KCl at 298 K using 
K3[Fe(CN)6] (5.0x10
-4 mol L-1. 
To further evaluate the efficiency of these electrodes, we have studied a 
strategy to stabilize meso-tetraferrocenyl-porphyrin (TFcP) with Prussian blue (PB) on 
electrodes and have used the chemically modifed electrode by the composite in sensing of 
dopamine. 
Stabilization of meso-tetraferrocenyl-porphyrin flms by 
formation of composite with Prussian blue 
TFcP was initially characterized by hydrogen 1H NMR and electron 
spectroscopy in the UV-Vis region. 1H NMR shows the characteristics signals of a 





(Figure 14). The formation of the ferrocene species was confirmed by the presence of the 
hydrogens at 3.97 ppm (20H), attributed to Cp which is not directly bound to porphyrin and 
two multiplets corresponding to Cp which is directly bound to porphyrin (5.33 ppm; 8H for 
α-Cp-H and 4.76 ppm; 8H for β-Cp-H). The signals observed for the inner NH protons in 
TFcP (∼−0.5 ppm) reveal a weaker shielding current created by the p-system inside the 
porphyrin cavity in comparison to those observed TPP (∼−2.2 ppm) macrocycles, which is 
consistent with the degree of non-planarity in these systems [120]. 
 
Figure 14 1H-NMR spectrum of 5,10,15,20-tetra(ferrocenyl)porphyrin in CDCl3.T asterisks 
are the signals from the solvent. 
The UV-Vis spectra (Figure 15) of the TFcP have a dominant character by the 
π system of the porphyrinic ring. At 433 nm, we can observe an intense band attributed to 
Soret band. This band originates from the second singlet state and has high molar 
absorptivity, it is possible to see a shoulder at 483 nm, characteristic of these kind of 
porphirins with Fc [21] but this transition cannot be easily explained. One of the possible 
reasons for such spectroscopic behavior of the TFcP could be the presence of ferrocene 





centered π and π* MOs [124]. Hadt [21] and coworkers showed that as the number of 
ferrocene substituents in meso positions of porphyrins increases, both Q- and B-bands 
undergo hypsochromic shift compared to the TPP, the Q bands become more intense and 
broad, and an additional broad shoulder between 450 and 500 nm appears in the UV-vis 
spectra that can be attributed to the MLCT transition of the ferrocene moiety. Besides, it is 
possible to observe two Q-bands at 662 and 733 nm (Figure 15). 
The electrochemical behavior of TFcP was investigated by cyclic voltammetry 
(CV). TFcP undergo two quasi-reversible one electron reduction processes with potentials 
close to meso-tetraarylsubstituted metal-free porphyrins indicating the formation of 
respective porphyrin anions and dianions [33]. In anodic region, it is possible to observe 
three oxidation processes in CV (Figure 15). The first process at E1/2 = +0.674 V vs. SHE 
can be assigned to the Fc ring oxidation, probably the process Fe2+/Fe3+ as can be 
observed, the oxidation potential of the Fc fragment is 0.124 V greater than the free 
complex potential, showing that the porphyrinic center has an electron withdrawal 
character in the metal center, this leads to a greater electronic deficiency that difficult the 
oxidation process. The last two anodic and irreversible processes can be attributed to the 
porphyrin ring oxidation by the formation of porphyrin cation radical and dication species. 
 
Figure 15 (A) UV-vis electronic spectrum of TFcP in DMSO solution (B) Cyclic 
voltammogram of TFcP in dry dichloromethane solution, using 0.1 M TBAPF6, at scan rate 





In general, porphyrins are known to form stable films and for their 
electrochemical activity [125], [126]. In the case of TFcP, the film is stable but when a high 
anodic potential is applied, the ferrocene (peripheral group) and porphyrin are oxidized 
and make the film water soluble, as observed in Figure 16 (A) and (D). Using a Britton–
Robinson buffer solution pH = 7 containing KCl 0.10 mol L-1, the same behavior was 
observed. Therefore, an alternative to obtaining stable films is to use a matrix to stabilize 
the porphyrin macrocycle. 
Prussian blue can be used as a matrix since it has elevated anionic charge 
capable to retain the porphyrin even when oxidized. According to Figure 16 (B) and (E), 
PB films are not stable even at acidic pH. The oxidation of PB film can be observed at the 
potential of 0.20 V vs Ag/AgCl and a continuous decrease in intensity of anodic and 
cathodic currents is observed after each cycle. 
Figure 16 (C) illustrates the stabilization of hybrid film PB+TFcP. Based on the 
low variation of the current after voltammetric cycles, as presented in Figure 2(F), it is 
possible to suggest that PB can stabilize the porphyrin on the electrode surface. Thus, the 
hybrid film could be used in electrochemical sensing of dopamine (DA), according to 






Figure 16 (a) Cyclic voltammograms of GCE modifed by TFcP in HCl 0.10 mol 
L-1+ KCl 0.10 mol L-1after 3 cycles; (b) Cyclic voltammograms of GCE modifed by PB in 
HCl 0.10 mol L-1+ KCl 0.10 mol L-1after 100 cycles; (c) Cyclic voltammograms of GCE 
modifed by hybrid flm PB + TFcP in HCl 0.10 mol L-1+ KCl 0.10 mol L-1after 100 cycles; (d) 
Decrease of the current caused by successive cycles of voltammetry for GCE modifed by 
TFcP; (e) Decrease of the current caused by successive cycles of voltammetry for GCE 
modifed by PB; (f) Comparison of decrease of the current caused by successive cycles of 





According to micrographs of the flms of TFcP, it was observed a coverage of 
the film over the electrode (Figure 17) characteristic of porphyrin films. On the other hand, 
it is possible to see needle shaped structure for Prussian blue on the surface of the 
electrode (Figure 18). When the electrode is modified by both it is possible to observe a 
mixture of TFcP spread with Prussian blue structure, which shows the high coverage of 
the surface (Figure 19). 
 






Figure 18 SEM microscopy of PB film on GCE, magnification of 2000 x. 
 
Figure 19 SEM microscopy of hybrid film (TFcP+PB) on GCE, magnification of 
1000 x. 
Before testing the electrocatalytic capacity of this material, the electrode was 
subjected to an activation process. For this, 25 cycles were performed from 0 to 1.2 V vs 
Ag/AgCl. In this way the material undergoes a structural rearrangement allowing 





unstable elements (Fe-OH2) present in the structure of the material (Figure 20). It is 
evident that the voltammogram is essentially a result of the PB prevailing at the electrode 
surface showing the processes characteristic of PB, Fe2+Fe2+/Fe3+Fe2+ at 0.2 V and 
Fe3+Fe2+/Fe3+Fe3+ at 0.9 V, but as we look closely we can perceive some characteristics 
that imply the presence of porphyrin in the structure of the film also as a shoulder close to 
the first process of PB attributed to the oxidation of porphyrin. 
 
Figure 20: Stabilization process by cyclic voltammetry of the modified 
electrodes in HCl 0.1 mol.L-1 and KCl 0.1 mol.L-1. 
In Figure 20 it is possible to observe the change in the voltammogram, the 
process attributed to Fe3+Fe2+/Fe3+Fe3+ oxidation (wave near 0.9V vs SHE) is the one that 
undergoes the greatest change decreasing in intensity, a fact that can be attributed to the 
oxidation of porphyrin that is free on the surface of the electrode as observed in scanning 
electron microscopy (Figure 17, Figure 18 and Figure 19). 
After the activation process the electrode was tested in the presence of 
dopamine. The modified electrode has an electrocatalytic response at 0.60 V vs Ag/AgCl 





poisoned the electrode after addition of DA) and the current peak showed dependence on 
the concentration of DA (Figure 21). A linear increase of current peak was observed with 
the increment of DA concentration in the range of 5.0 μmol L-1 to 87.0 μmol L-1. In this 
range, the detection limit was 2.44 μmol.L-1 (calculated by the method , presenting the 
same order of magnitude compared with other works in the literature [127] [128] [129]. 
 
Figure 21 SWV of modified electrode in and 0.1 mol.L-1 HCl in the presence of 
KCl in different concentrations of dopamine. Inset: response curve obtained from the SWV 
measurements. 
It is possible to note that the characteristics of the work discussed above are 
results of the synergistic effect of both PB and porphyrin, but predominantly PB 
characteristics that are most clearly observed. In this way we see that this material has a 
huge potential in the development of modified electrodes and it is necessary to investigate 
better the effects that changes in the sphere of coordination of this type of material can 
generate in both the spectroscopic and electrochemical properties since one of the biggest 





In this way we started the study of the formation of ECPs based on Prussian 
blue involving the complex Na3[Fe(CN)5(PZT)], a promising complex in this type of study 
since it has in its structure the pyrazine fragment that can stabilize higher oxidation states 
of the metal center. Another factor that can be expected is that due to the withdrawing 
character of the pyrazine fragment, the cyanide trans to this bond becomes more acidic 
and can be protonated more easily, so it is possible to modulate the electronic and 
spectroscopic properties of the metal center with the variation of pH. Another important 
factor for the choice of this complex is the presence of the thiol group, which allows the 
anchoring of this complex on metallic surfaces, especially gold. 
Development of modified electrodes whit the complex 
Na3[Fe(CN)5PZT]. 
To prove that the precursor complex FePZT has been synthesized, we obtained 
the electronic spectrum in the UV-Vis region and the vibrational spectrum for the 
spectroscopic characterization. The electrochemical behavior was studied by cyclic 
voltammetry.  
The IR spectrum (Figure 22) of PZT exhibits the characteristic high-energy 
frequencies associated with the C–H stretching modes of the –CH2–CH2– group, and a 
broad band at 2540 cm–1 related to the S–H stretching vibration. In the FePZT, the FT-IR 
spectrum (Figure 22) presents two characteristic bands at 2050 and 570 cm–1 associated 
with the vibrational modes of the CN and Fe–CN bonds. The S–H stretching mode can 
also be detected in the FTIR spectra, shifting from 2540 to 2470 cm–1 upon the N-






Figure 22 Vibrational spectrum of the FePZT complex obtained in KBr pellet. 
The 1H NMR spectrum (Figure 23) of the pentacyanidoferrate(II) complex in 
D2O exhibits the characteristic downfield shift of the signals of the adjacent aromatic 
protons (1 and 3) of the N-heterocycles coordinated to the [Fe(CN)5]
3– moiety, changing 
from δ = 8.41 to 8.99 ppm for H1 and from δ = 8.41 to 8.89 ppm for the H3 signal in 
respect of the free ligand. Due the distance the H2 did not have a significant shift in the 
spectra. 
The observed behavior of the aromatic protons in pentacyanidoferrate(II) N-
heterocyclic complexes involves main contributions from the dπ→pπ back-bonding to the 
heterocyclic ligand and the opposing inductive effect, whereas for the α-protons the 
magnetic anisotropy due to the electron looping at the CN axis bond is most relevant [130]. 





respect to that of the free PZT ligand, i.e., from δ = 1.43 to 3.33 ppm in the 
pentacyanidoferrate(II) complex. This effect can be ascribed to the magnetic anisotropy of 
the cyanide ligands, producing a deshielding effect on the nuclei located perpendicular to 
this triple bond. As the thiol proton lies in a deshielding region, a large downfield shift is 
observed. Another evidence of the magnetic anisotropy of the cyanide ligands is reflected 
in the shape of the thiol proton peak. In fact, in D2O, the S–H signal of the free PZT ligand 
appears as a broad coalescent peak at δ = 1.43 ppm. After coordination to the 
pentacyanidoferrate(II) complex, this peak became narrow, at δ = 3.33 ppm, exhibiting a 
strong spin-decoupling effect, removing the triplet feature observed in aprotic solvents. 
 
Figure 23: 1H NMR spectrum of the complex FePZT in D2O. 
The absorption spectrum of FePZT complex in the ultraviolet and visible region 
(Figure 24). In pH 7 is possible to observe a band in the visible region assigned to the 
metal-ligand transitions (MLCT) at 457 nm. The observed ultraviolet transitions were 





attributed to an MLCT transition involving the metal and the cyanides present in the 
structure [131]. 
 
Figure 24 Absorption spectrum of FePZT complex in water in different 
concentrations pH=7.  
When the pH is lowered to the value of 1.9 a hypsochromic shift of MLCT band 
is observed due to the protonation of the complex. The hypochromic displacement of the 
absorption bands in the UV-Vis region is an indication that the protonation influences the 
energy of the orbitals, indicating that the ligand in the coordination sphere, undergoing 
protonation, significantly affects the energy of the molecular orbitals predominantly of the 






Figure 25: Absorption spectrum of FePZT complex in water in pH=1.9 and pH=7.0. 
Beside the spectroscopic study, the electrochemical nature of the complex was 
also evaluated through the cyclic voltammetry (Figure 26). The electrochemical studies of 
the complex were carried out in water using potassium chloride (KCl) as support 
electrolyte, glassy carbon electrode as working electrode, a platinum counter electrode 
and the Ag/AgCl as reference electrode. In the voltammogram, it is possible to observe a 
quasi-reversible wave attributed to the oxidation process of the Fe(II)/Fe(III) metal center 
at 0.45 V vs Ag/AgCl. Compared to the value of the [Fe(CN)5(NH3)]
3- complex, an increase 
in the oxidation potential of the metal center (from 0.14 V vs Ag/AgCl for the FeNH3 
complex to 0.45 V vs Ag/AgCl for the FePZT complex [133]) is observed due to the π 
acceptor nature of the N-heterocyclic ligand, that remove the electron density from the 






Figure 26 Voltammograms of FePZT in water using 0.1 mol.L-1 KCl as support 
electrolyte, glassy carbon electrode as working electrode, one counter platinum electrode 
and the reference electrode of Ag/AgCl. 
Due to the various species that the FePZT complex may present depending on 
the pH of the solution, the pKa values of the complex and their electrochemical behavior 
were determined varying pH values (Figure 27). It has been noted that the complex has 
two pKa values. At first glance, we can assign the first pKa value (3.0) to the protonation of 
the pyrazine ligand, but comparing analogous complexes such as [Fe(CN)5(py)]
4- whose 
ligands have not protonation sites is still observed the formation of a protonated spice. 
Toma et al. studied a series of complexes of molecular formula [Fe(CN)5(L)]
n- (L= picoline, 
pyridine, 4-amide-pyridine, pyrazine, pyridyl-pyrazine and methyl-pyrazine) being able to 
observe a trend in the pKa values obtained in acid medium which decreases with the 





by the reduction of the cyanide basicity, as a consequence of the electron-withdrawing 
character of the n-heterocyclic ligand [132]. The second pKa value obtained in the 
complex FePZT are attributed to the deprotonation of the thiol group of the PZT ligand 
(pKa=9.75).  
 
Figure 27 Titration curve of the FePZT complex. 
Pourbaix correlation diagram is presented in the Figure 28 ,. These diagrams 
are used in many fields, such as corrosion science and geochemistry [134]. The pH–
potential diagrams for simple transition metal ions are complex, involving multiple protons 
and electron transfer processes. At pH below 3.0 the complex present three different redox 
process, the blue line is designated to the Fe3+/Fe2+ process, the red line - a shoulder at 
this process and the pink line the reduction of the PZT ligand, respectively. The slopes of 
each process line below pH 3 are approximately equal to 59 mV which is characteristic of 
a one-electron one proton-coupled process. Above pH 3.0, the deprotonation of the CN 






Figure 28 Pourbaix diagram contain the possible species formed in each region 
of the FePZT complex. 
After studying the spectroscopic and electrochemical properties of the complex, 
we started the evaluation of the electrode modification capacity of this complex. Thus, 
electrochemical impedance spectroscopy were performed using the [Ru(NH3)6] 
3+ complex 
as a probe. The use of this complex instead of the traditional hexacyanoferrate is 
explained in order to avoid interferences in the analysis, such as the formation of Prussian 
blue on the surface of the electrode with the oxidation of the probe, so the electrochemical 
process on the surface of the electrode can be attributed only to the transfer of electrons, 
without any parallel interactions between the probe and the modified electrode. 
The electrode that best fits this evaluation of modification is the gold electrode 





formation of the S-Au bond, for which the gold electrode was immersed in a solution of the 
Fe-PZT complex at various times (Figure 29). 
 
Figure 29: Nyquist plot of impedance spectra of the modified electrode in 
different times of immersion in 0.1 mol L-1 PBS ph 7.0 at 298 K using [Ru(NH3)6]Cl3 ( 5x10
-
4 mol L-1) as probe apply potential of  -0.14 V vs Ag/AgCl.  
The data obtained were then adjusted to an electric circuit that would represent 
schematically the behavior of the modification. In this way the circuit chosen was the one 
proposed by Randles (Figure 30). Where Rs would be the resistance to electronic transfer 
of solvent, Rct the charge transfer resistance between the electrode and the solution, Cdl 








Figure 30 Modified Randles equivalent circuit. 
As seen in Table 1, the charge transfer resistance increases as the immersion 
time is raised, until it reaches a value that does not suffer as much variation showing that 
the electrode has reached a saturated state of molecules on the surface. The inverse 
pattern can be observed when analyzing the CPE value of the material (Y0), the clean 
electrode presents a high capacitance value demonstrating that its surface is more 
homogeneous in relation to the accumulation of charges, as the FePZT molecules are 
bound on its surface, the gold electrode now has a greater variation in charge causing the 













Table 1 Values obtained in the fit of the EEC on the experimental data. 
Time (s) Rct (Ω) Y0 (Mho) N W (Mho) Rs (Ω) 
0 53.3 2.38x10-4 0.953 3.96 x10-4 206 
10 83 1.58 x10-4 0.47 2.42 x10-4 189 
30 82.2 1.07 x10-4 0.465 2.97 x10-4 183 
60 107 1.73 x10-4 0.486 2.36 x10-4 213 
300 129 9.66 x10-4 0.45 3.232 x10-4 144 
600 135 8.63 x10-4 0.461 3.22 x10-4 161 
960 139 8.97 x10-5 0.466 3.65 x10-4 146 
1800 171 5.48 x10-5 0.577 4.36 x10-4 173 
2700 203 1.00 x10-5 0.85 5.54 x10-4 170 
3600 200 2.07 x10-5 0.72 7.06 x10-4 155 





Another way of evaluating the impedance data is by analyzing the Bode graph, 
as can be analyzed in Figure 31 and Figure 32, by increasing the immersion time of the 
electrode, the increase in the value of the phase angle occurs, in addition to being possible 
to observe a slight increase in the charge transfer resistance of the material. It is possible 
to determine that the complete adsorption of the material on the surface of the electrode 
happens close to 600 seconds. 
 
Figure 31: Bode impedance plot of several immersion times of the gold electrode in a 
FePZT solution. Representation of the Bode phase plot in hollow circles, and Bode 






Figure 32 Bode impedance plot of several immersion times of the gold electrode in a 
FePZT solution. Representation of the Bode phase plot in hollow circles, and Bode 
impedance graph in full circles. 
Based on the data we can assume that the Au-FePZT electrode can be used for 
the sensing of molecules, but when analyzing the electrochemical behavior of the 
electrode after 12 hours in the desiccator, we see that a change occurs in the structure of 
the material. The hypothesis that we believe to be responsible for this evidence would be 
that the FePZT complex would oxidize the metal surface thus forming Au3+, this species 
then coordinates rapidly to the cyanide nitrogen thus forming an analogue of Prussian blue 
containing the gold in its structure. With the formation of the new film on the surface of the 





So how to get around this situation? Our first idea was to replace the gold 
electrode with a more stable electrode under these conditions, so the platinum electrode 
was tested for the formation of modified electrodes only now involving the coordination 
polymers based on Prussian blue analogs FeFePZT, RuFePZT and RuFeCN . 
Development of modified electrodes containing Prussian blue 
analogues with the complex Na3[Fe(CN)5(PZT)] 
The synthesis of the ECPs is direct when the reaction occurs between the 
hexacyanidoferrate or pentacyanidoferrate with metals like Fe3+, Cu2+ and Co3+, basically 
so that these compounds react and form the ECPs. When the metal ion is exchanged for 
Ru3+ the reaction does not occur spontaneously, and more energetic conditions are 
required. For this reason, the autoclave system was used to favor the inclusion of this 
metal in the structure and facilitate the reaction. 
Due to the charge transfer between the metallic centers, these compounds 
show intense colorations and characteristic electronic spectra (Figure 33). The ECP 
RuFeCN presents a structural configuration similar to ruthenium purple (Fe4[Ru(CN)6] and 
therefore the observed energy for the transition of intervalence for both compounds is 
located near the same wavelength (550 nm). When the ECP formation starts from the 
FePZT complex, the MLCT transition band close to 400 nm and 500 nm is observed for 
both the ruthenium compound and the iron compound respectively. In addition to this 
transition, the formation of Fe-CN-Fe and Fe-CN-Ru species is confirmed by the band of 





























Figure 33 Spectra in the ultraviolet region and visible of ECP FeFePZT, 
RuFePZT and RuFeCN in water. 
The infrared spectra of the synthesized ECPs (Figure 34) showed characteristic 
bands for binding of the cyanide ligands and solvation water molecules. The bands 
assigned to the CN groups are observed in the 1800-2200 cm-1 region. It is possible to 
observe that, unlike the FeFePZT compound, ruthenium-containing ECPs had a shoulder 
in the 2000 to 1800 cm-1 range attributed to CN stretching close to ruthenium. In addition 
to these normal modes of vibration are observed some bands referring to the ligand in the 






Figure 34 vibrational spectra of the ECP obtained in KBr pellets. 
The ECP exhibit structures based on the cubic structure M4[M(CN)6] 3H2O, in 
which the octahedral complexes [M(CN)6]
4- are linked by octahedrally coordinated M3+ 
ions, hence the X-ray diffraction pattern for this class of compounds is similar as observed 
in Figure 35. When exchange of the CN ligand occurs by the PZT ligand, a change in the 
crystallinity of these compounds is observed making them more amorphous while RuFeCN 
has defined peaks, both FeFePZT and RuFePZT show two wide peaks. However, it is 
possible to see a relationship between the RuFeCN peaks and the broad peaks of 
FeFePZT and RuFePZT, which means that the structures of both are similar. The 
difference is that the amplitude of the peaks indicates a random atomic distribution, that is, 
a short-range atomic distribution (Figure 35). 























Figure 35 X-ray powder diffractograms of the FePZT, FeFePZT, RuFePZT and 
RuFeCN. 
To improve the adhesion of ECPs on a platinum electrode the formed film was 
submitted to the potential of 1.5 V vs Ag/AgCl. In this potential, the surface of the platinum 
electrode is converted to a monolayer of PtO and Pt(OH)2 [136], that can coordinate on the 
nitrogen or sulfur of the PZT and CN ligand. 
The formation of ECP was started by the formation of films on platinum 
electrodes (Pt@FeFePZT modified platinum electrode with ECP FeFePZT; Pt@RuFePZT 
platinum electrode modified with ECP RuFePZT; Pt@RuFeCN modified platinum electrode 
with ECP RuFeCN). Due to the amount of film deposited on the electrode, the 
electrochemical study was performed using the square wave voltammetry technique 





(Pt@RuFeCN), we can observe only a 0.2 V vs Ag / AgCl process attributed to Fe2+/ Fe3+ 
oxidation. The Ru2+/Ru3+ process was not observed in this work range and the same 
profile was observed for the RuFePZT electrode. 









Figure 36 Square-wave voltammetry for the Pt @ FeFePZT Pt @ RuFePZT and 
Pt @ RuFeCN electrodes. Frequency of 25 Hz, with amplitude of 20 mV. counter platinum 
electrode and the reference electrode of Ag / AgCl. 
The Pt@RuFePZT electrode presents the greatest difference in its 
electrochemical behavior when compared to the others. We can observe the same wave in 
0.2 V vs Ag/AgCl found in the other modified electrodes attributed to Fe2+/Fe3+ oxidation. 
The differential of this electrode can be seen in negative potentials where a process is 
observed at -0.17 V vs Ag/AgCl. Maybe during complex formation due to high temperature 





37). This coordination leads to the formation of FePZT-Run+ fragments. Therefore, the 
observed wave at -0.17 V vs Ag/AgCl can be attributed to the Ru2+/Ru3+ process. 
 
Figure 37 Structure proposed for the reaction between the FePZT and Run+ 
complex. The L ligands can be both the solvent (water) and other FePZT complexes. 
Considering how the structural differences alter the formed film (mainly with 
respect to pore size) the determination of the electroactive area of these electrodes can be 
of great help in understanding this fact. In general, the area of the electrodes was 
determined by cyclic voltammetry using an electrochemical probe ([Fe(CN)6]
4- [(Fe(CN)6]
3- 











   Equation 10 
Where n is the number of electrons involved in the process, D0 is the diffusion 
coefficient of the electrochemical probe C0 the concentration of the species and v is the 
scanning speed. The obtained data are shown in Table 2. Compared with the clean 
platinum electrode, the electroactive areas of the obtained electrodes are twice as great 






































Table 2: Calculation of the electrochemically active area of the electrodes under study 
where v is the scan rate and the obtained area. 












10 0.034 0.069 0.049 0.046 
25 0.034 0.068 0.053 0.053 
50 0.034 0.065 0.057 0.053 
100 0.033 0.062 0.058 0.052 
200 0.034 0.055 0.057 0.049 
AVERAGE 0.034 0.064 0.065 0.051 
Considering that the formed film acts as a second interface between the 
electrode and the solution, the electrochemical behavior of the modified electrodes was 
analyzed by electrochemical impedance spectroscopy (EIS). EIS measures the impedance 
(Z) a system as a function of frequency, so the chemical reaction that occurs on the 
surface of the electrode can be compared with an equivalent electrochemical circuit and 
each step can be related to an electrochemical element). The Randles circuit is one of the 
simplest models to analyze the reaction that occurs at the electrode surface (Figure 30).  
Figure 38 shows the Nyquist spectra for the electrodes obtained in this work. In 
this graph it is clear the presence of two distinct regions, the first in larger frequencies 
where the electron transfer process can be observed forming a semicircle, and the second 
at low frequencies where the mass transfer process is what determines the spectrum 






























Figure 38 Nyquist plot for the Pt @ FeFePZT Pt @ RuFePZT and Pt @ 
RuFeCN electrodes in the range of 5000 to 0.05 Hz with amplitude of 10 mV. 
By adjusting the data obtained experimentally with the equivalent circuit of 
Randles we can obtain the values for each element of the circuit (Table 3). It is interesting 
to note that the electrodes Pt@RuFeCN and Pt@RuFePZT showed the highest value of 
charge transfer resistance that may be related to the low uniformity of the formed film. It is 
also possible to obtain information about the roughness of the film formed by the CPE n 
values which is related to how close this element is to a real capacitor (for n = 1 the CPE 








Table 3 Values obtained through the adjustment between the experimental data and the 
Randles equivalent circuit. 
  Pt@FeFePZT Pt@RuFeCN Pt@RuFePZT 
Element Parameter Values 
Rs R (W) 287 96 152 
Rct R 205 642 634 
CPEdl C 1130.0 10
-4 4.15 10-4 14.7 10-4 
n 0.74 0.35 0.73 
CPEd C 7.63 10
-4 7.70 10-4 9.80 10-4 
n 0.48 0.57 0.51 
χ² 4.48 10-3 16.78 10-3 39.51 10-3 
The evaluation of the heterogeneous electron transfer rate constant (k0) was 
done using three methods. The first two methods, the Nicholson [137] and Kochi [138] 
methods, are based on the peak separation, generated by the electrode modification, of a 
redox probe, and the third method is Gileadi [139]. The Nicholson method is often used to 
determine the standard heterogeneous electron transfer rate constant k0 by relating it to a 






𝟐⁄    Equation 11 
Where D0 is the diffusion of the redox probe, n the number of electrons involved 
F the Faraday Constant R the gas constant T the temperature and ν the scan rate. 
The dimensionless parameter can be obtained in the literature in which the 





The second method was described by Kochi and Klinger. This method also 
depends on the peak separation (Equation 12). Α is the electron transfer coefficient that 
was considered 0.5 for the redox probe [Fe(CN)6]
4-/[Fe(CN)6]
3-.  









]     Equation 12 
The third method is known as the Gileadi [139] method, which does not require 
peak separation to determine the value of k0. This method is based on determining the 
critical scan speed at which the electrode reaction changes from reversible to irreversible. 
Then by following Equation 13 one can calculate the value of k0. 






  Equation 13 
The electron transfer velocity constants are noticeably slower for the modified 
electrodes compared to the modified electrodes (the value of k0 on the platinum electrode 
































k  Gileadi 
(cm s-1) 
10 
7.77 10-4 643 0.063 
1.21 10-3 8.70 10-1 2.66 10-3 
3.84 10-3 
25 1.54 10-3 4.10 10-1 1.9810-3 
50 2,03 10-3 3.30 10-1 2.25 10-3 
100 2.62 10-3 3.10 10-1 2.99 10-3 















k  Gileadi 
(cm s-1) 
10 
9.80 10-4 634 
0,074
13 
1.33 10-3 14.4 10-1 4.40 10-3 
4.17 10-3 
25 1.79 10-3 7.20 10-1 3.48 10-3 
50 2.29 10-3 4.70 10-1 3.21 10-3 
100 2.81 10-3 3.20 10-1 3.09 10-3 















k  Gileadi 
(cm s-1) 
10 
7.63 10-4 206 0.035 
1.18 10-3 8.00 10-1 2.44 10-3 
2,88 10-3 
25 1.78 10-3 6.80 10-1 3.28 10-3 
50 2.24 10-3 4.99 10-1 3.41 10-3 
100 2.81 10-3 3.45 10-1 3.33 10-3 
200 3.28 10-3 2.40 10-1 3.28 10-3 
The Pt@FeFePZT electrode presented a good stability in an acidic medium. 
The low pH provides protons that can penetrate into the defects of the structures [140]. 
Thus, decreasing the charge density around the iron ions increases the oxidation potential 





oxidation state of this metal consecutively causing a structural rearrangement in the 
formed film. 
Also, the peak-to-peak separation at 10 mVs−1 was found to be 47 mV, which is 
higher when compared with the theoretical value (ΔEp =0 mV). Deviation from the 
expected value may arise from lateral interactions, inhomogeneity of surface sites and ion 
interactions [141]. 
The next step of the characterization studies was focused on the electrocatalytic 
activity of the redox mediator toward hydrazine. The oxidation peak currents in various 
concentrations of hydrazine at the Pt@FeFePZT were recorded by differential pulse 
voltammetry (DPV) in static solutions and chronoamperometry. Figure 39 (A) illustrated 
the effect of various hydrazine concentrations on the DPVs at the Pt@FeFePZT and well-






Figure 39 Chronoamperograms at 0.35V vs Ag/AgCl obtained for Pt@FeFePZT 
in water using potassium chloride (KCl) as support electrolyte, a platinum wire as counter 
electrode and the reference electrode of Ag/AgCl. In the graphs, the concentration of 





The height of the anodic peak in 0.47 V vs Ag/AgCl increased with increasing 
concentrations, in contrast, the peak referent to the Fe2+/Fe3+ redox process begins to 
decrease due to the reductive property of hydrazine. Figure 39 (B) illustrates the 
chronoamperometric response of the Pt@FeFePZT in HCl 0.10 mol L-1 and KCl 0.10 mol 
L-1 after successive additions of hydrazine. As it can be seen from the Figure 39 (B) 
(insert), the proposed sensor showed a linear response ranging from 5 up to 64 µmol L−1. 
The detection limit was 7.38 × 10−6 M. According to these results, the linear response 
obtained at low concentrations of hydrazine can be used to develop hydrazine sensor. The 
comparison between previously reported chemically modified electrodes for the 
determination of hydrazine is listed in Table 5. As it can be seen, the designed 
Pt@FeFePZT exhibited relatively low detection limit. 
Table 5 Comparisons of the responses of some hydrazine sensors constructed based on 
different modified electrodes 
Sensing of dopamine by a self-assembled monolayer of 
ruthenium complex 
The complex [Ru(H4dcbpy)2(4-mpy)(Cl)]PF6 is interesting because of its high 
affinity for the gold surface, the interaction among gold nanoparticles, gold bulk, and an 
electroactive site was studied. The [Ru(H4dcbpy)2(4-mpy)(Cl)]PF6 complex is interesting 
due to the characteristics of ruthenium (mainly electrochemical) and the capability of the 
thiol group of the 4-mpy (4-mercaptopyridine) to coordinate to gold. Additionally, the 







Mg hexacyanoferrate; 6.65 33.3-8180 142 
Co(II)phthalocyanine-
Co(II)tetraphenylporphyrin pentamer; 
230 - 143 
Au nanoparticles/Poly(bromocresol 
purple)/CNT/GCE 
0.1 0.5-1000 144 
Bi hexacyanoferrate 3 2.5-200 145 





aptamers and antibodies, Moreover, the presence of these groups favors hydrogen 
bonding with other molecules.  
The main problem in the synthesis of this complex is the coordination of the 
4mpz ligand. The thiol group of 4mpy is a soft base compared to the nitrogen of pyridine 
and the coordination occurs rather by the thiol group due to the soft characteristic of the 
metal center (ruthenium (II)) (Figure 40 (A)) [146]. In order to avoid the coordination of 
ruthenium of the thiol group to ruthenium, we hereby proposed a new synthetic route. 
Firstly, we coordinated the sulfur group of the ligand on bulk gold of the electrode, making 
only the nitrogen capable to coordinate to ruthenium (Figure 40 (B)). 
 
Figure 40 schematic representation of the reaction between the complex 
[Ru(H4dcbpy)2(Cl)2] with free 4mpy (A) and adsorbed on a surface through the thiol group 
(B). 
Initially, the synthesis of precursor complex [Ru(H4dcbpy)2Cl2] was carried out 





the complex, the reaction between the complex and pyridine ligand occurs favorably. The 
complex was characterized using electronic spectroscopy in the UV-Vis region (Figure 
41), and cyclic voltammetry (Figure 42). The results were compared with those reported in 
the literature [147]. 
 
Figure 41 Electronic Spectrum of cis-[Ru(H4dcbpy)2(Cl)2] obtained in methanol 
(3.0x10-5 mol L-1).  
Electronic spectrum of the complex cis- [Ru(H4dcbpy)2Cl2] in methanol is shown 
in Figure 41. In the electronic spectrum, it is possible to observe two bands in the visible 
region assigned to the metal-ligand charge transfer transitions (MLCT Ru2+(d)→π* 
H4dcbpy) at 545 and 393 nm. The band observed in the ultraviolet region, at 311 nm, is 





the literature, the spectral profile of cis-[Ru(H4dcbpy)2Cl2] is very similar, presenting the 
same type of transitions [148]. 
 
Figure 42 Cyclic voltammetry of cis-[Ru(H4dcbpy)2(Cl)2]. Supporting electrolyte used 
tetrabutylammonium hexafluorophosphate. Platinum working electrode, Ag0/Ag+ with 0.01 
mol L-1 of AgNO3 as reference electrode and a platinum wire as counter electrode. 
Electrochemical behavior of the complex was evaluated by cyclic voltammetry. 
In the voltammogram, it is possible to observe a quasi-reversible process attributed to the 
oxidation of metal RuII/RuIII at 0.35 V vs Ag/Ag+ (0.92 vs NHE), which is in accordance with 
the processes described in the literature [149] [147]. In the voltammogram shown in Figure 
42, the signals at 1.25 V (1.87 vs NHE) and -0.2 V vs. Ag/Ag+ (0.37 vs NHE) can be 





The first step of electrode modification was performed by immersing the gold 
electrode in a 4mpz solution, in this way the thiol fragment can bind to the gold surface. 
We see that with the modification, the oxidation and reduction potentials of the gold are 
shifted to smaller potentials, and the process in 0.93 V vs Ag/AgCl suffers the greatest 
influence of the coordination (Figure 43). 
In the second cycle, the electrochemical profile of the modified electrode is the 
same as the clean gold electrode. When applying a high potential, the surface of the 
electrode is oxidized (gold is oxidized to gold (I) and (III)) and the material that is attached 






Figure 43: Cyclic voltammetry of modified gold electrode with 4mpy (Au-4mpy 
shown in red), and bare gold electrode shown in black. Supporting electrolyte 0.1 mol L-1 
KCl. Ag0/AgCl as reference electrode and a platinum wire as counter electrode 
So, an initial study that we must undertake is to determine the range of working 
potential that the modification supports without loss of material or degradation of the film. 
For this, the modified electrode was subjected to cycles in several potential range to 
evaluate its stability (Figure 44). As it can be seen in Figure 44, the best potential range in 
which no material is lost is the 0 to 0.6 V vs Ag/AgCl, because, at lower potentials, the 
4mpy fragment undergoes the reduction process causing the group thiol inaccessible to 
coordination. Furthermore, in this range, the oxidation of gold is not observed, making this 






Figure 44 Cyclic voltammograms of modified gold electrode with 4mpy (Au-
4mpy), in different ranges of potentials. Supporting electrolyte 0.1 mol L-1 KCl. Ag/AgCl as 
reference electrode and a platinum wire as counter electrode 
The next step of the study is the optimization of time to modification of the 
electrode. For this, the electrode was immersed in various times in a solution of 4mpz of 
known concentration (4.0 mmol L-1). As it can be observed in Figure 45, No significant 







Figure 45 Cyclic voltammograms of modified gold electrode with 4mpy (Au-
4mpy), in different times of immersion. Supporting electrolyte 0.1 mol L-1 KCl. Ag0/AgCl as 
reference electrode and a platinum wire as counter electrode 
By integrating the gold oxidation peak, it is possible to observe a relationship 
between the immersion time and the area of this peak (Figure 46). In this way, we can 
efficiently determine the optimal time of modification as 10 minutes, after this period, the 
process does not change anymore, showing that the surface showing that the surface of 
the electrode is saturated. 
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Figure 46 Plot of area of the peak in 0.97 V vs the time of immersion. 
The next modification step was performed following the average reaction time in 
which ruthenium complexes are subjected to coordinate N-heteroalkyl ligand in the 
coordination sphere (approximately 8 to 12 h). Determined the best conditions to work with 
this type of electrode, we can now perform a comparative analysis between the clean 
electrode, the modified electrode with 4mpy and the electrode modified with Ru-4mpy. 
To evaluate the electrode modification, we can observe the difference in the 
electrochemical behavior of the bare and modified electrodes in the same solution. Figure 
47 shows the cyclic voltammograms of the bare Au, 4mpy-Au, and Ru-4mpy-Au 
electrodes. As it can be seen, the bare gold electrode shows the characteristic signals of 
oxidation at 1.00 V vs Ag/AgCl and reduction at 0.50 V vs Ag/AgCl. After the modification 














































with 4mpy, the oxidation process is shifted, due to the presence of the ligand on the 
surface of the electrode. Alterations in the width of the voltammogram are another 
parameter which proves the formation of the SAM on the electrode. The voltammogram 
becomes wider after the modification, due to the increase of the capacitive current on the 
surface. The modification of the Au electrode with the Ru-4mpy complex is confirmed by 
the shift of the peaks of the gold electrode to a higher potential and the appearance of a 
redox couple close to 0.25 V vs. Ag/AgCl, indicating the presence of the electrochemical 
site of the complex. 
 
Figure 47 Cyclic voltammograms of modified electrode in 5 mL of PBS pH 7.0 
solution. Red doted line is the voltammogram of the Au bare electrode, the blue dashed 
line is the 4mpy-Au modified electrode and the black line the Ru-4mpy-Au electrode 
Differences in the charge transfer rates of the bare and modified electrodes in 
the presence of an electrochemical probe are indicative of the formation of a self-
assembled monolayer. The values of the rates are inversely proportional to the peak-to-





probe in the voltammograms presented in Figure 48. The charge transfer between each 
electrode and K3[Fe(CN)6], used as a redox probe, varies due to the difference in its 
surface. The peak-to-peak separations obtained for the bare Au, 4mpy-Au, and Ru-4mpy-
Au were 82 mV, 98 mV and 120 mV respectively, which indicates the faster electron 
transfer in the bare Au electrode. 
 
Figure 48 . (B) Cyclic voltammograms of modified electrode in 5 mL of a 
solution of K3[Fe(CN)6] in PBS pH 7.0 at scan rate of 0.1 V s
-1. Red-doted line is the 
voltammogram of the Au bare electrode, the blue dashed line is the 4mpy-Au modified 
electrode and the black line the Ru-4mpy-Au electrode 
 
Based on the voltammograms presented in Figure 47 and Figure 48 it is 














𝟐⁄    Equation 14 
where ip is the peak current, n is the stoichiometric number of electrons involved in the 
electrode reaction (in this case n=1), the diffusion coefficient (D0) of K3[Fe(CN)6] (0.76 x 
10-5 cm2 s-1), C0* the concentration of the probe and  the scan rate of the voltammogram. 
The surface area of the electrode increases after the modification with 4mpy 
(0.339 cm2), and with the complex (0.232 cm2), compared with the area of the bare 
electrode (0.19 cm2). 
The electrochemical impedance spectroscopy (EIS) is an effective method to 
investigate the interfacial properties of the modified electrodes [150]. In addition, it was 
shown to be an efficient tool for recognition of appropriate interface properties of the 
modified electrode surfaces that could be successfully applied in biosensing [151]. 
Figure 49 shows the changes in the Nyquist plot of the modified gold electrode. 
The complex impedance is displayed as the sum of the real and imaginary components 
(Zre and Zim). To obtain detailed information of the impedance spectroscopy, a simple 
equivalent circuit model, R[C(RctW)], was used to fit the results. The monolayer was 
treated as a resistor (Rct) and as seen from Figure 49, after modification with the self-
assembled monolayer of 4mpy on the electrode, the interfacial charge transfer resistance 
Rct decreased compared to the bare gold electrode, probably due to the positive charges 
of the protonated 4mpy molecules under experimental conditions (pH 7.0) that would 






Figure 49  Nyquist plot of the modified electrode in 0.1 mol L-1 KCl at 298 K 
using K3[Fe(CN)6] (5x10
-4 mol L-1) as probe applied potential of 0.23 V vs Ag/AgCl. Red 
circles are the Au-bare electrode, blue circles are the 4mpy-Au electrode and black circles 
are the Ru-4mpy-Au electrode. 
When the 4mpy-Au modified electrode was further modified with the ruthenium 
complex, the Rct value increases 274 ohms after modification with the ruthenium complex 
Ω, compared with the bare gold electrode. This increase in the resistance can be attributed 
to the charge repulsion between the negatively charged carboxylate of the complex and 
the [Fe(CN)6]






These data are in accordance with the charge transfer rate constant (k0) [153] 
as it can be seen in Table 6, which also presents other parameters of these electrodes. 
Table 6: Electrochemical parameters of the modified electrodes. 
 Epa Epc ΔE (mV) Rct (Ω) k
0 (cm s-1) 
Au 0.274 0.192 82 19 9.90x10-7 
4mpy-Au 0.280 0.188 92 63 3.74x10-7 
Ru-4mpy-Au 0.264 0.144 120 274 1.33x10-3 
In the electrode, the reactions occur between the surface of the electrode and 
the electroactive species. The rate of the process depends on the energy of the electrode, 
as well as of the quantity of the species present close to the surface of the electrode. 
Electrocatalysis consists in reducing the activation energy of the reaction. Thus, 
modification of electrodes is an alternative to obtain electrocatalysts capable to provide 
enough energy to the substrate to complete the reaction. However, the electrocatalytic 
properties are variable, depending on the temperature and concentration of reactant and 
product. These differences may come about by variation of the symmetry factor from one 
substrate to another, or by changes in the adsorption isotherm of reaction intermediates 
[154].  
In same cases, the bare electrode does not have a response to the substrate, 
because the electron transfer is not kinetically favorable, and the presence of a compound 
on the surface can help this communication with the electrode. The redox proprieties of a 
substrate with a slow kinetics of electron transfer can be mediated by a redox system 
having a fast exchange of electrons thus facilitating communication between analyte and 
electrode. In this sense, defects on modification, as free groups or vacancies in the 
structure and electroactive groups are important to fabricate this electrode 
The presence of the carboxylate groups of the complex [Ru(dcbpy)2Cl2] is 
efficient to favor the interaction with some molecules (an example is a dopamine) and 





Firstly, it is important to study the electrochemical response of dopamine on the 
bare gold electrode. Square wave voltammetry was used to improve the sensibility (Figure 
50). In the presence of dopamine, the bare electrode presented an oxidation process close 
to 0.23 V vs Ag/AgCl attributed to the oxidation of DA (Figure 50). The cathodic peak of 
DA presented a linear response in function its concentration of DA, mainly in lower 
concentrations. The limit of detection obtained in this study is 1.69x10-6 mol L-1 using the 






Figure 50 Square wave voltammograms of modified electrodes (a) Au bare 
electrode, (b) are the linear fits of the current in function of DA concentration using Au bare 
electrode, (c) 4mpy-Au, (d) are the linear fits of the current in function of DA concentration 
using 4mpy-Au electrode, (e) Ru-4mpy-Au, (f) are the linear fits of the current in function of 
DA concentration using Ru-4mpy-Au electrode, all measurements are obtained in 5 mL of 
PBS buffer pH 7.0. 
The sensitivity of the Au electrode towards dopamine increases after the 





bare electrode, probably due to better interaction with the analyte since the nitrogen atom 
of the pyridine ring can induce the formation of hydrogen bonds between the dopamine, 
thus favoring the communication between analyte and electrode, confirming the 
electrocatalytic properties of the modified electrode. The same behavior is observed after 
the modification of the electrode with the complex (Table 7). However, in contrary than 
expected, the decrease of the potential was less pronounced. The expected would be that 
dopamine interacts with the carboxylic groups of the complex, which would facilitate the 
electron transfer of the electrode to the electroactive species. 
Table 7: Analytical parameters attributed to the curves obtained with the addition of 
dopamine in the modified electrodes. 
 Linear range (µmol L-1) Potential for detection (V) LOD 
 (µmol L-1) 
Au 0-21 0.23 1.69 
4mpy-Au 0-15 0.21 1.77 















The use of Prussian blue was proposed for stabilization of the free-base 
5,10,15,20-tetrakis(ferrocenyl)porphyrin, which proved to be efficient, providing a very 
stable film compared to the films of the free species. Thus, it was possible to use this 
modified electrode for quantification of dopamine, with a limit of detection in order of 
magnitude of the electrodes reported in the literature. 
The synthesis of the FePZT complex was successfully carried out and it was 
possible to obtain the coordination polymer of this material in the presence of iron. This 
polymer can be used to form a film on the surface of the platinum electrode to improve the 
adhesion of FePZT to the surface. The electrode was exposed to a high oxidation potential 
to form platinum oxide and hydroxide, which can chemically bound to the film material to 
increase its stability. Thus, the Pt@FeFePZT electrode can be used as a sensor for 
hydrazine with a limit of detection in the order of magnitude of those already reported in 
the literature. 
SAM of 4mpy was formed on the surface of the bare gold electrode. The 
complexation of 4mpy with the complex on the bare gold electrode modified its 
electrochemical proprieties, mainly the charge transfer rate constants. The observed 
behavior of these electrodes opens new possibilities to use this kind of systems in future 
electrocatalytic studies. In addition, the sensing of dopamine by SAM (Ru-4mpy-Au) 
presented linearity in the range of 0 μmol L-1 to 400 μmol L-1 and limit of detection of 4.41 
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